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 Through a combination of vertebrate paleontology and geochemistry much can be discovered 
about the environments about the past. Fort Polk’s vertebrate fossil sites are important because they 
reflect a time when the Antarctic ice cap was just beginning to form during the middle Miocene cooling 
period just after the middle Miocene Climatic Optimum (~15Ma). This study tested the hypothesis that 
Miocene seasonality will be preserved in the isotopic geochemistry of terrestrial vertebrate remains at 
central North American Gulf Coastal sites. Geochemistry was used to understand fossil diagenesis, faunal 
communities and paleoenvironments. Fort Polk, LA sites range in age from 13.5 to 14Ma based on core 
data. Middle Miocene data taken from Fort Polk was compared to modern Fort Polk and middle Miocene 





parallel to the growth axis along a tooth has provided data on dietary variation as well as seasonal 




O along the growth axis of a tooth provided time averaged data 
important for interpreting resource partitioning and paleoenvironments. Rare earth element (REE) 
analyses were used to assess the relative diagenetic alteration of specimens as well as provide insight into 
the environment of deposition. Isotopic samples were chosen based on the relative degree of diagenetic 
alteration determined from REEs. The isotopic information is significant for synthesizing terrestrial 









CHAPTER 1. INTRODUCTION 
For three decades, stable isotope analysis of fossil tooth enamel has been used to help reconstruct 
biological communities (e.g. DeNiro and Epstein, 1978; Kohn et al., 2005; MacFadden and Higgins, 
2004; Feranec and MacFadden, 2006). The mammalian sites of Fort Polk, LA, USA, represent a bridge 
between middle Miocene faunas in east Texas, Florida and Panama. These fossils present an opportunity 
to analyze several southern Gulf Coastal middle Miocene terrestrial to coastal environments which could 
be compared to each other, modern Louisiana and other middle Miocene sites around the world. This is 
possible due to six different sites within a few kilometers of each other at a single locality, Fort Polk, LA. 
This study, provides an opportunity to study terrestrial environments immediately after the middle 
Miocene climactic optimum during a global regression of seas (~15Ma)(Zachos et al., 2001). 
Understanding the paleontological geochemistry of the Fort Polk, LA fossil locality is important for 
understand the climate and environments of the middle Miocene Gulf Coast of North America. 
An isotopic and rare earth element (REE) analysis of fossil herbivores was used to address the 
following questions:  
1. What was the seasonality like during the middle Miocene of western Louisiana? 
2. Did the different taxa have different diets? 
3. Can REEs be used to quantify the relative amount of diagenesis present in the teeth samples?  
4. Can REEs distinguish between the different sites at Fort Polk? 







1.1 Geochemistry and Vertebrate Paleontology  
Stable isotopes of carbon and oxygen are taken up into an animal’s blood stream through 
ingestion of food and water and are then incorporated in the body tissues of an animal (DeNiro and 
Epstein, 1978; Cerling and Harris, 1999). Over the past few decades, isotopic studies on fossil teeth, the 
most robust of body tissues, have demonstrated their paleobiological utility (DeNiro and Epstein, 1978; 
Cerling et al., 1997; Kohn et al., 2005; MacFadden & Higgins, 2004; Feranec, 2007). The stable isotopic 
composition of an animal’s teeth reflects the plants and water that it ingests (Cerling and Harris, 1999). 
This study analyzes bulk and serial isotope samples of fossil teeth for carbon and oxygen to provide 
insight into the seasonality, paleoecology and the paleoenvironment of Fort Polk during the middle 
Miocene. The carbon and oxygen isotopes are derived from the structural carbonate component that 
sometimes replaces the phosphate component in the hydroxyapatite crystals during tooth formation.  
1.2 Delta (δ) Notation 









on a number of processes. These differences are expressed, relative to a standard i.e., Vienna PeeDee 
Belemnite (V-PDB) for carbon and oxygen and Vienna Standard Mean Ocean Water (V-SMOW) for 




O,)‰ = [(Rsample/Rstandard)-1] x 1000, 




C, relative to the known standard. Carbon isotopes are 
reported relative to the V-PDB standard and oxygen isotopes are reported relative to the V-SMOW 
standard unless otherwise noted. 





C) composition in vertebrate remains can record the isotopic composition 
of the plants that they ingest (e.g. Cerling and Harris 1999; Cerling et al., 1997). Plant species fractionate 
carbon stable isotopes differently depending on the photosynthetic pathway used by each plant species 




C3 plants photosynthesize carbon by using the Calvin Cycle. C3 plants comprise most of the 
Earth’s terrestrial plant biomass and include most shrubs, trees and high latitude/elevation cool-growing 
grasses. C3 plants have a mean δ
13
C composition of -27‰ and range from about -32‰ to -24‰ 
(Farquahar et al., 1989). Within this range, variation depends upon the temperature, nutrient availability, 
light intensity and water stress acting upon the plants (Farquahar et al., 1989; Koch, 1998). Forests, 
especially those that are closed canopied, exhibit more negative carbon isotope compositions. Plant δ
13
C 
values less than -30‰ are found in modern closed canopied forested habitats (e.g. van der Merwe and 
Medina 1991; Cerling and Harris 1999; Cerling et al., 2004). In contrast, more open and arid C3 habitats 
exhibit more positive δ
13
C values (Farquhar et al., 1989; MacFadden & Higgins, 2004).  
C4 plants photosynthesize using the Hatch-Slack cycle and consist of temperate, sub-tropical and 
tropical grasses.  They make up about 5-10% of today’s terrestrial plant biomass (MacFadden & Higgins, 
2004). C4 plants have a mean δ
13
C composition of about -13‰ and range from about -11‰ to -15‰ 
(Farquahar et al., 1989). C4 grasslands are thought to have spread throughout North America about 7 Ma 
(Cerling et al., 1997).  
CAM plants consist mainly of succulents (cactus). They have δ
13
C compositions that vary 
throughout the ranges of C3 and C4 plants. However, pollen data suggest that few, if any succulent plants 
were present at any of the Fort Polk sites (Wrenn in Schiebout, 1997). Also, ungulates are not known to 
have a significant portion of their diet composed of succulents (Feranec and MacFadden, 2006). 
Consequently they are not considered in this research. 
Once the plants are ingested by the animals, the isotopes are fractionated, which results in an 
enrichment in teeth of δ
13
C by 14.1 ± 0.5‰ (Cerling and Harris, 1999). An animal that grazes on C4 
plants that have a δ
13
C composition of -13‰, would therefore have an enamel isotopic composition of 




different taxa; however, in medium and large-sized ungulates fractionation is considered to be similar 
(14.1 ± 0.5‰)(Cerling and Harris, 1999). 
C4 photosynthesizing plants are not considered to be significant at Fort Polk. C4 plants were most 
likely not a significant presence because of the environment that these sites represent. Previous research 
looked at a distribution of phytoliths at different sites and found no indicative evidence of widespread C4 
grasses at any site (Schiebout, 1997). However, there was a minor amount of C4 phytoliths present at all 
sites; but do not make up a significant portion of the ecosystem. Due to their low abundance, they were 
not likely to be a major part of the diet of any of the taxa present. Most carbon stable isotope analyses 
have been performed on fossils that represent a time after the spread of grasslands (~7mya), due to a 
change in photosynthetic pathways in plants (C3C4) that result in a much broader range of carbon 
isotopic compositions (Cerling et al., 1997). This study focuses on distinguishing ecological niches using 
the isotopic ranges of C3 plants. Fortunately, resource partitioning in C3 communities has already been 
shown possible in a few previous modern and fossil studies (MacFadden & Higgins, 2004; Feranec & 
MacFadden, 2006). Resource partitioning is significant, as it confirms that animals had different diets. 
Resource partitioning would support the existence of both an open and closed habitat at DISC. 
 It is assumed that the processes and relationships measured at present are consistent and 
representative of earlier time periods. It is known that the δ
13
C value of atmospheric CO2 decreased from -
6.5‰ to about -8.0‰ due to anthropogenic sources over the last 200 years (Friedli et al., 1986; Marino 
and McElroy, 1991; Marino et al., 1992). Other data also suggest that Miocene atmospheric CO2 δ
13
C 
values were higher before anthropogenic changes (Pagani et al., 1999; Passey et al., 2002). Isotope values 
from fossils during the middle Miocene are expected to be 1.5‰ ± 1‰ more positive than those measured 
from modern taxa (Koch et al., 1998; Passey et al., 2002).    
A new approach in using carbon isotopes, to help with identification of lower teeth was attempted 




belonging to either Cormohipparion or Merychippus; however, lower teeth do not have any diagnostic 
features sufficient to determine which taxon they belong to. If resource partitioning were to be determined 
using an isotopic analysis of the upper teeth, it might be possible to assign selected dentition to one of 
these two taxa. This would be the first time that isotopes have been used in aiding the classification of 
fossils. 





O) composition in vertebrate remains can reflect relative changes in 
altitude, temperature and humidity of the environment, in which they lived (e.g. Land et al., 1980; Luz et 
al., 1984; Luz and Kolodny, 1985; Koch et al., 1989; Kohn et al., 1996). Most of the oxygen isotopic 
composition of vertebrates depends on intake of meteoric water (Bryant and Froelich, 1995; Bryant et al., 
1996). Some water is taken up in the plant material that the animals ingest as well (Kohn et al., 1996). 
There exists a correlation between body size and the amount of water derived by feeding on plants versus 
drinking local meteoric water. The larger the animal, the less water derived from food sources (Luz et al., 
1984; Bryant and Froelich, 1995; Bryant et al., 1996). δ
18
O composition in plants also becomes more 
positive due to evapotranspiration; however, this factor should be less significant in large animals (Yakir, 
1992; Ometto et al., 2005). Evapotranspiration occurs in warmer and more arid environments and is also 
affected by the amount of humidity. The more humid the climate the less effect evapotranspiration has on 
plants. Fort Polk in the middle Miocene was more than likely a humid place much like the Gulf Coast of 
today, therefore the effect of evapotranspiration is less likely to be significant. 
The δ
18
O composition of meteoric water varies with temperature. δ
18
O is more positive when the 
environment is warmer and more negative when its colder (McCrea, 1950). There are other factors that 
can cause δ
18
O to vary, such as the “Amount Effect”.  Amount Effect was first described by Dansgaard 
(1964) and deals with the relationship between precipitation/humidity, temperature and δ
18
O. Basically, 








O of fossil teeth can record the effect of temperature and the Amount Effect; however, there is no 
method to distinguish between the two at this time. 
1.5 Rare Earth Elements and Diagenetic Alteration 
A major problem with isotopic study of fossils is the potential for diagenetic alteration of the 
biogenic hydroxyapatite crystals that compose the majority of bone and teeth. Rare earth elements (REEs) 
can help in recognizing diagenetic alteration in fossil bone and enamel, by quantifying and comparing 
various rates of enrichment (Trueman & Benton, 1997; Trueman, 1999; Trueman and Tuross, 2001; Labs-
Hochstein & MacFadden, 2006). REEs replace the Ca ion within the hydroxyapatite crystals that make up 
bone and enamel (Trueman, 1999). Recent work has been done to quantify the amount of diagenesis 
present in fossil enamel (Labs-Hochstein and MacFadden, 2006). Assuming that the fossil bone present 
has been completely altered, we can use a ratio calculated by measuring the uptake of REEs in regular 
bone vs. that of tooth enamel. This can help to quantify a relative degree of diagenesis and determine 
whether a specimen is unaltered enough to use for isotopic analysis. Comparing this data with isotopic 












CHAPTER 2. GEOLOGY OF FORT POLK, LOUISIANA 
2.1 Background 
 Fort Polk is located in central western Louisiana in Vernon Parish (Figure 1). Vertebrate 
paleontological research on Fort Polk began in 1993. LSU scientists first indentified a small mammalian 
jaw that was reported to have been discovered. It was found in what was to later be called the Discovery 
site. Discovery site consists of a large area about 2 acres in size that was bulldozed as a borrow pit for a 
landfill. This allowed for the uncovering of the fossils due to the removal of vegetation that otherwise 
dominates the area. Other vertebrate sites have been discovered on the Post over the years, most in small 
erosional gullies.  
2.2 Geologic History 
 The Miocene Fleming Formation outcrops at Fort Polk and is a sequence of alternating sand and 
clay units (Figure 1). It is divided into six members. There are three clay-dominated members; Lena, 
Dough Hills, and Castor Creek.  The others are three sandier members; Carnahan Bayou, Williamson 
Creek and Blounts Creek. The vertebrate fossil sites are located within the Castor Creek member which is 
the stratigraphically highest clay member of the Formation and underlays the Blounts Creek member. It is 
76-152 m thick with fine to very fine sand intervals up to 14 m thick (Rogers and Callandro, 1965; Hinds, 
1999; McCulloh and Heinrich, 2000). Thin conglomeritic and sandy beds and lenses occur within the 
Castor Creek member contain pedogenic carbonate nodules. Nodule bearing beds are interpreted to have 
been formed due to weathering on interfluves that concentrated material (Schiebout et. al. 1997). The bulk 
of the fossil material has been recovered from these conglomeritic beds. The Castor Creek member has 
been described as brackish water deposits between fluvial members of the Fleming Formation (Fisk, 
1940). However, sedimentological paleontological and recent geochemical evidence suggests that Castor 
Creek member is dominantly non marine with the exception of the TVOR SE site at Fort Polk, which has 




and Heinrich, 2000). Fort Polk sites range in age from 13.5 to 14 Ma with the DISC site cluster likely 
representing the youngest (Jones et al., 1995, Gose et al., 2008).  
 
 
Figure 1. Map showing area of Fort Polk, Louisiana and the Texas Gulf Coast. Burkeville and Coldspring 
are other Miocene vertebrate sites (modified from Schiebout, 1997). 
2.3 Site Descriptions 
 There are two main clusters of fossil vertebrate sites at Fort Polk. Previous coring has provided 
stratigraphic control of the sites (Jones et al., 1995). The two main clusters are the Discovery (DISC) area 
sites and the sites located near a terminal very-high frequency omni range radar tower (TVOR). Most of 
the exposures occur in creek beds or in erosional gullies. In most places the exposed conglomerate is a 





are various layers and lenses at DISC and elsewhere. There is some evidence of crossbedding present at 
DISC. Above and below the conglomerate is a massive gray clay with sparse calcium carbonate nodules 
at both clusters. Both large and small vertebrate fossils are usually associated with the concentration of 
soil-formed calcareous nodules. Most of the small fossils have been recovered through screening of 
conglomerate-rich rocks that were broken down with acid (Schiebout, 1994).  
2.3.1 Discovery Sites 
 The cluster of DISC sites is composed of the main Discovery site, Gully, Stonehenge and 
Persimmon Borrow. This study only deals with fossils from the main Discovery site and the nearby Gully 
site. The Discovery site (DISC, 91-99 m above sea level) is a seven and a half acre borrow pit that lies 
south of the Fort Polk landfill and west of Georgia Ave. The conglomerate is exposed here in several 
places due to a few dozen small erosional gullies (up 2 m deep) that formed in the borrow. Some of the 
calcium carbonate nodules present appear to be the result of root casts.  The majority of the fossils 
analyzed in this thesis come from this site. The Gully site (85 m above sea level) is an erosional gully to 
the south of the DISC site. The conglomerate layer here is less substantial (10 cm thick) and patchy and 
lies within a meter thick gray clay. Subsurface data has been taken updip to the sites and the DISC 
outcrops appear to be in the uppermost third of the Castor Creek member of the Fleming Formation 
(McCulloh and Heinrich, 2000; Hinds, 1999).   
2.3.2 TVOR Sites 
 The TVOR sites lie about 3 km updip from the DISC cluster. The TVOR cluster is composed of 
the TVOR, TVOR N, TVOR SE and TVOR S sites. No fossils were analyzed from the TVOR N site. 
There is also Shamrock “Rhino” site which is located along strike with the TVOR sites and is 2.7 km 
away. The few fossils that were analyzed from the Shamrock site will be estimated to be stratigraphically 




the Shamrock is better constrained. The TVOR sites have been regarded to be stratigraphically lower than 
the DISC sites (Schiebout and Ting, 2001).  
The entire upper Castor Creek member is thought to have been deposited during a regression 
(Hinds, 1999). The only clearly marine site is TVOR SE and would therefore be considered the lowest 
site due to the marine fossils present. However, paleomagnetic data places it higher and shows that TVOR 
SE best fits at the top of the sequence and the DISC cluster site Stonehenge is lowest (Gose et al., 2008). 
The main exposure of the TVOR site (94 m above sea level) is an erosional gully and is topographically 
and stratigraphically higher than TVOR SE and TVOR S. The woods just north of this outcrop also 
contain a few outcrops which are lumped in with this site. There is evidence that a conglomeratic layer at 
this site is channel fill (Schiebout et al., 2001).  The TVOR S site (91 m above sea level) is due south of 
the TVOR site and is a 40 m long erosional gully striking N-S.  The fossil-bearing conglomerate at this 
site is exposed in the middle of the gully and it forms a 1 m wide ledge about 15-25 cm thick. It is 
underlain by a gray clay about 10-15 cm thick that contains calcium carbonate nodules. This nodular clay 
is then underlain by another clay that is about 50 cm thick that lacks nodules (Schiebout, 1994).  
2.4 Paleoenvironments 
Previous work on depositional environments, macrofaunal distributions palynology, phytolith 
analysis and rodent distributions has provided a framework for understanding the paleoecology of the Fort 
Polk sites. Palynological data shows that TVOR SE had a mixed hardwood forest and included pines 
(Wrenn in Schiebout, 1997). Phytoliths indicated a presence of savanna grassland at all of the sites 
(Strömberg in Schiebout, 1997; Schiebout and Ting, 2001). There is a lack of medium-sized animals at all 
Fort Polk localities. This may be indicative of a more open environment according to body size 
distributions in different environments (e.g. Legendre, 1986; Schiebout and Ting, 2001). The moose-like 
Prosynthetoceras francisi may have needed a wetland/lowland environment (Janis et al., 1998, Schiebout, 
1997). Percentages of three different types of rodents, heteromyids, cricetids and geomyoids were 
 
 
investigated to estimate the amount of open or forested area present at the different sites
2004). Modern heteromyids prefer open habitats whereas cricetid rodents prefer forested habitats. 
Geomyoids are related to gophers and were most likely bur
wetter areas. The sites DISC, TVOR, TVOR SE and Stonehenge were analyzed 
distributions (Schiebout, 2004; Figure 2
whereas TVOR and the Stonehenge site have much lower numbers
and Stonehenge and the least of DISC and TVOR SE
and TVOR SE containing a more open habitat
al., 2004). Sites in east Texas also have a high percentage of geomyoids, similar to DISC
Figure 2. Percent of geomyoids (G), heteromyids (H) and cricetids (C) from four Fort Polk localities 
(Schiebout et al., 2004). Numbers of samples are in parenthesis next to site names. 
 
 Base level changes during the middle Miocene 
terraces. Similar terraces that formed during the Pleistocene
These terraces had lead to relatively dryer surfaces as compared to wetter habitats located within the 
floodplains. While TVOR SE has evidence of marine




rowing animals and would have avoided 
for these rodent 
). DISC and TVOR SE have the highest percentage of geomyoids
. Cricetids make up the most of TVOR 
. These distributions would be consistent with DISC 
 (Schiebout, 1997; Schiebout and Ting, 2001
 
probably led to stream incision and formation of 
 are present throughout Louisiana today
 influence provided by the invertebrate marine 
ly close to the shore as well
 (Schiebout, 
, 
; Schiebout et 
 and TVOR SE.  
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CHAPTER 3. METHODS 
 Animals analyzed for this research included bones and teeth from Prosynthetoceras, an early 
camel relative, two genera of horses and a few rhino specimens of which genus can be narrowed down to 
two possibilities.  
3.1 Rare Earth Elements 
 To estimate the amount of diagenesis effecting tooth enamel as well as provide additional 
stratigraphic and environmental insight into the deposition of each site, twelve samples were taken from 
bones and tooth enamel from three stratigraphically separate sites at Fort Polk. Four enamel and two bone 
samples were taken from the DISC site. One enamel and one bone sample were taken from TVOR SE and 
two enamel samples were taken from TVOR S. To serve as a control, one bone and one enamel sample 
were taken from a modern horse tooth and radius from the Baton Rouge area. A statistical analysis using 
ANOVA was done to determine if there is a significant difference between sites (Table 5). 
Approximately 10-40 mg of cortical bone or enamel was removed from each specimen using a 
Dremel
®
 rotary tool outfitted with a diamond-tipped drill bit. The resultant powders were then sent to the 
University of Florida’s Geology Department for bulk REE concentration analysis on a Thermo Finnigan 
ELEMENT2 Inductively Coupled Plasma Mass Spectrometer. Preparation methods for ICP-MS followed 
those of MacFadden and Hulbert (2009). The REE concentrations reported are normalized relative to 
PAAS; Post-Archean Australian Shale (McLennan, 1989). “Light” rare earth elements (LREE) are 
considered to be La (Z=57) to Nd (Z=60). Middle rare earth elements (MREE) are Sm (Z=62) to Tb 
(Z=65), and heavy rare earth elements (HREE) are Dy (Z=66) to LU (Z=71) (Z= atomic number) (e.g. 






3.2 Carbon and Oxygen Stable Isotopes 
Thirty two bulk and 33 serial enamel samples were analyzed from teeth of a variety mammalian 
herbivores from Fort Polk, Louisiana. Both methods of sampling required the use of a Dremel
®
 tool 
equipped with carbide and diamond tipped drill bits. Preference was given to sampling premolars and the 
3
rd
 molar wherever possible as they are the last teeth to erupt in ungulates and weaning could be a source 
of isotopic variation (Severinghaus, 1949; Fuller, 1959; Rees et al., 1966; Hillson, 1986).  
3.2.1 Bulk Sampling  
 An estimated 5-10mg of enamel was removed from each specimen using the Dremel
®
 tool. For 
bulk samples, enamel was removed evenly and parallel to the growth axis along the entire height of the 
tooth.  Care was taken not to include any dentine along with the enamel. In some cases, dentine did chip 
off along with enamel; usually this was remedied by mechanically removing the visible fragments of 
dentine. If small fragments of dentine contaminated the sample the sample would be thrown out and 
sampling would begin again. The bits of Dremel
®
 tool were cleaned thoroughly after each sample by 
lowering the bit into a container of ethyl alcohol and turning on the bit. Ethyl alcohol was used because of 
the speed at which it evaporates, allowing additional sampling to begin immediately after cleaning.  
 The enamel powder was collected by placing weighing paper beneath the fossil and holding the 
Dremel
®
 tool so that enamel would be ground off onto the paper. The weighing paper was then folded in 
half and the enamel powder was poured into sterilized 1.5ml microcentrifuge tubes. 5-10mg of powder 
enamel volumetrically equated to about .02-.05 ml. After each sample a new sheet of weighing paper was 
used. 
3.2.2 Serial Sampling 
Tooth enamel develops over time and mineralizes from the top or crown of the tooth, and works 
down towards the root. As a tooth grows, it incorporates the isotopes of the food and water that the animal 
 
 
consumes. High crowned ungulate teet
their teeth to mineralize, and the teeth are also very long and easy
method is less precise than using a method of laser ablation/fluorination. This is
some averaging using a drilling method due to the fact that one cannot sample a single point and that the 
sample is almost an entire millimeter in height.
Figure 3. LSUMG 12344. Rhino tooth fragment
samples from stable isotope analysis.
towards the root of the tooth. 
Serial sampling followed the same procedure as bulk sampling was done by removing enamel 
perpendicular to the grow axis.  Care was taken to follow the hypoplasia (growth) lines when present 
(Balasse et al., 2003). Twenty-two samples were taken from a rhino tooth fragment (
from the TVOR South site (Figure 3). Another 11 samples were pr
13818) from the DISC site (Figure 4). Samples were taken as close together as possible to obtain the best 
time resolution possible. This resulted in samples being taken at about 2mm intervals. The samples are 
about 1mm in thickness. 
Direction of growth
14 
h are the best proxy samples for this analysis. It takes longer for 
 to sample. Sampling using a drilling 
 because there will be 
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Figure 4. LSUMG 13818. Equid m3
picture. Hypoplasia (growth) lines can also been seen 
 
3.2.3 Treatment and Analysis 
The resulting enamel powde
biological apatite. Samples were first treated with 30% H
contaminants (Koch et al., 1997). This was followed
each sample tube. Each time a new pipette tip was used
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deionized water was added to each tube and centrifuged and the water was removed. This water-washing 
process was repeated again to insure that the H2O2 is removed before proceeding.  
 After removing all of the liquid, 1ml of 10% CH3COOH (acetic acid) was added to each tube. 
This is to remove any secondary carbonates that may have precipitated (Koch et al., 1997). Each tube was 
then vortexed and allowed to react in a reaction chamber for one day. It is important not to exceed this 
amount because it is possible to dissolve away the biogenic apatite (Koch et al., 1997). Samples were then 
centrifuged for 5-10 minutes at 10,000 rpm and the acid was decanted using a pipette. The samples were 
washed with water three times using the method mentioned previously. One ml of methanol was added to 
each tube, vortexed, and centrifuged, and the methanol decanted using a pipette. The tubes were placed in 
a reaction chamber for about one day to dry. About 1-2 mg of the resulting powder was used for analysis.  
 The resulting powders were analyzed for carbon and oxygen stable isotopes at the Department of 
Geological Sciences at the University of Florida. Samples were measured using a VG / Micromass (now 
GV Instruments) PRISM Series II isotope ratio mass spectrometer with an Isocarb common acid bath 
preparation device.  Samples were loaded into stainless steel boats and placed into a 44-position Isocarb 
preparation system.  Samples were reacted in a common acid bath at 90°C and water was cryogenically 
removed in a methanol slush.  All isotope results are reported in standard delta notation relative to Vienna 
Pee Dee Belemnite (V-PDB) unless otherwise noted. Analytical precision is generally better than ±0.1‰ 
for δ
13
C and 0.1‰ for δ
18
O (1 standard deviation of standards run with samples).   
 Some specimens were omitted from isotopic analysis because of high REE values, indicating 
possible severe alteration. The data for the specimens that were omitted are still reported in tables for 
comparison but have been noted as altered. δ
18
O values were converted relative to V-SMOW or V-PDB 










CHAPTER 4. RESULTS 
4.1 Delta O-18 
 δ
18
O was measured to look for variations in temperature and precipitation in the environment that 
the animals lived in. All δ
18
O data is reported relative to the V-PDB standard unless otherwise noted. This 
tests the hypothesis by showing possible changes that could be interpreted as seasonal variations at Fort 
Polk during the Miocene. Values of δ
18
O for all specimens sampled from the DISC sites as well as the 
TVOR sites ranged from -3.0 to 3.1‰ (Table 2 and Table 3). A student’s t-test was performed on the 
Prosynthetoceras francisi and Equidae data to determine if the groups were statistically different which 
would require p≤0.05. This analysis demonstrated the two groups are not statistically different (p=0.09). 
The overall range of δ
18
O from specimens recovered from DISC is -3.0‰ to 2.8‰ with a mean of 0.5 ‰. 
The δ
18
O mean of all Equidae specimens from DISC is 1.0‰ with a standard deviation of 1.2‰. The 
δ
18
O mean of all Prosynthetoceras francisi specimens from DISC is -0.8‰ with a standard deviation of 
2.1‰.  A single Rhinocerotidae specimen had an isotopic value of -1.1‰.  
 The overall range of δ
18
O from specimens recovered from TVOR sites is -1.0‰ to 3.0‰ with a 
mean of 0.2 ‰ (Table 1 and Table 3). The δ
18
O of the only Equidae specimen from the TVOR sites is -
0.3‰ (Table 3).  The δ
18
O mean of the two Prosynthetoceras francisi specimens from the TVOR sites is 
1.2‰ with a standard deviation of 2.5‰ (Table 1).  The δ
18
O mean of the two Rhinocerotidae specimens 
from the TVOR sites is -0.4‰ with a standard deviation of 0.8‰. Because of the small sample size no 
statistical tests were performed.  
 A serial sample analysis was performed on a Rhinocerotidae tooth fragment and an Equidae Lm3 
fragment (Figure 3 and Figure 4). Both specimens had a complete vertical section of the tooth present. In 
the Rhinocerotidae specimen, δ
18
O values ranged from -0.6‰ to 1.4‰ with a total of 22 samples (Table 
2). In the Equidae specimen, ten samples ranged from 0.6‰ to 4.6‰ (Table 2). Both specimens show a 
sharp increase in δ
18




Table 1. Means and standard deviations of bulk isotope data separated into the two main groups of sites, 
DISC and TVOR. 









DISC cluster   
DISC Total 26 -11.0 0.9 0.5 1.6 
Equidae 19 -10.7 1.0 1.0 1.2 
Prosynthetoceras francisi 6 -11.7 1.1 -0.8 2.1 
Rhinocerotidae 1 -11.0 n/a -1.1 n/a 
TVOR cluster   
TVOR Total 5 -10.9 1.0 0.2 1.8 
Equidae 1 -11.0 n/a -0.3 n/a 
Prosynthetoceras francisi 2 -10.0 1.2 1.2 2.5 
Rhinocerotidae 2 -11.8 0.8 -0.4 0.8 
 
specimen also shows a second sharp increase of comparable magnitude at the top of the tooth (Figure 6). 
The Equidae specimen also has an increase in δ
18
O values that could be comparable to this feature, 
although it is relatively smaller. Both specimens also show a smaller increase in δ
18
O values towards the 
top of the tooth after the large drop first mentioned. It should also be noted that the Equidae specimen’s 
δ
18
O values have a greater range as well as higher values overall than the Rhinocerotidae specimen.  
4.2 Delta C-13 
 δ
13
C was measured to determine differences in the isotopic composition of plants that the animals 
ingested. The overall range of δ
13
C from specimens recovered from DISC is -13.2‰ to -9.6‰ with a 
mean of -11.0 ‰ (Table 1 and Table 3). The δ
13
C mean of all Equidae specimens from DISC is -10.7‰ 
with a standard deviation of 1.0‰ (Table 1 and Table 3). The δ
13
C mean of all Prosynthetoceras francisi 
specimens from DISC is -11.7‰ with a standard deviation of 1.1‰.  A single Rhinocerotidae specimen 
had an isotopic value of -11.0‰. A student’s t-test was performed on the Prosynthetoceras francisi and 
Equidae data to look for significant differences. For the two groups to be considered statistically different, 









C values from serial sampled specimens. Equidae LSUMG 13818 was collected 
from DISC. Rhinocerotidae LSUMG 12344 is from TVOR S. 






12344 44 -11.1 0.2 
"" 42 -11.2 -0.3 
"" 40 -11.2 -0.6 
"" 39 -11.3 -0.3 
"" 38 -11.4 -0.1 
"" 36 -11.2 -0.2 
"" 34 -11.3 0.1 
"" 32 -10.9 0.6 
"" 30 -11.0 0.9 
"" 28 -10.6 1.1 
"" 26 -10.9 0.9 
"" 24 -11.3 -0.4 
"" 22 -11.1 0.0 
"" 20 -10.9 -0.1 
"" 18 -10.9 -0.0 
"" 16 -11.4 -0.4 
"" 14 -11.6 -0.5 
"" 12 -11.6 -0.3 
"" 10 -11.7 -0.3 
"" 8 -11.5 0.0 
"" 6 -11.3 1.1 
"" 4 -11.3 1.4 
Equidae LSUMG 13818 20 -11.5 1.7 
"" 18 -11.5 1.0 
"" 16 -11.3 1.1 
"" 15 -11.5 0.6 
"" 13 -11.3 2.0 
"" 11 -10.1 4.6 
"" 9 -10.7 2.8 
"" 7 -10.7 3.3 
"" 5 -10.9 2.5 
"" 3 -10.6 3.0 
 
The overall range of δ
13
C from specimens recovered from TVOR sites is -12.3‰ to -9.1‰ with a 
mean of 10.9 ‰ (Table 1 and Table 3). The δ
13
C of the only Equidae specimen from the TVOR sites is -




Table 3. Bulk isotope data. C. goorisi and M. gunteri both belong to the family Equidae. 
Taxon 
LSUMG 





Equidae 11219 DISC p3 -9.9 1.6 
Equidae 11219 DISC p2 -11.6 2.1 
Equidae
†
 3628 DISC m2 -11.6 0.5 
Equidae
†
 13809 DISC p2 -9.9 2.6 
Equidae
†γ
 13810 TVORS m1 -11.1 3.1 
Equidae 11218 DISC m1 -10.8 1.7 
Equidae 13725 DISC p3 or p4 -10.2 0.2 
Equidae*
†
 13818 DISC m3 -11.0 2.3 
Equidae 3630 DISC m2 -11.6 -0.7 
Equidae 13811 DISC p3 or p4 -9.2 1.3 
Equidae
†
 11776 DISC m3 N/A N/A 
M.  gunteri   3629 DISC P2 -12.3 -2.0 
M.  gunteri   11214 DISC P3 or P4 -11.0 2.1 
M.  gunteri   11215 TVOR M1 or M3 -11.0 -0.3 
C. goorisi 10893 DISC P4 -10.6 0.4 
C. goorisi 11210 DISC M2 -10.9 1.1 
C. goorisi 12113 DISC P3 -9.6 1.2 
C. goorisi 11216 DISC M2 -10.9 2.2 
C. goorisi 11216 DISC P2 -10.6 1.0 
C. goorisi 13813 DISC P4 -10.6 0.4 
C. goorisi
†
 13814 DISC P or M N/A N/A 
P. francisi 9280 DISC dm3 -12.6 -2.4 
P. francisi 13260 DISC p4 -11.2 -0.2 
P. francisi 12114 DISC P4 -12.0 -1.7 
P. francisi 3639 DISC m3 -10.9 -0.1 
P. francisi 13817 DISC m -13.2 -3.0 
P. francisi
†
 13815 TVOR SE m2 -10.9 -0.7 
P. francisi 13816 TVOR SE m -9.1 3.0 
P. francisi 13821 DISC M -10.4 2.8 
Rhinocerotidae 11775 DISC fragment -11.0 -1.1 
Rhinocerotidae 10894 Shamrock M3 -11.3 -1.5 
Rhinocerotidae 12121 TVOR SE fragment -12.3 -1.0 
Rhinocerotidae*
†





O values taken from an average of serial samples. 
†Sampled for REE 





composition indicated a significant degree of alteration (Table 4). The δ
13
C mean of the two 
Prosynthetoceras francisi specimens from the TVOR sites is -10.0‰ with a standard deviation of 1.2‰.  
The δ
13
C mean of the two Rhinocerotidae specimens from the TVOR sites is -11.8‰ with a standard 
deviation of 0.8‰. A student’s t-test was not performed on this data due to such a small sample size.  
 The serial sample analysis performed on the Rhinocerotidae tooth fragment ranged from -11.7‰ 
to -10.6‰ with n=22. In the Equidae specimen, 10 samples were taken that range from -11.5‰ to 10.1‰. 
Both specimens’ δ
13
C values show a close correlation with the δ
18
O values. However, there are some 
differences. The large increase in the δ
18
O values near the top of the Rhinocerotidae tooth is not observed 
in the δ
13
C values, although there is still a small increase. There is also a departure from the δ
18
O values in 
that the second smaller increase is more prominent in the δ
13
C values. The Equidae specimen shares the 
same δ
18
O pattern with the δ
13




4.3 Rare Earth Element Analysis 
 Rare earth element analysis was performed to help test the reliability of the fossil teeth for isotope 
analysis and to aid in the interpretation of depositional environments. Rare earth element concentrations 
reported here are normalized to PAAS; Post-Archean Australian Shale (Table 7)(McLennan, 1989). The 
total concentrations of REEs in all Fort Polk specimens ranged from 13.101ppm to 1261.972 ppm. 
Enamel samples showed significantly less uptake of REEs than cortical bone (DISC p=0.0001).  In 
general, the overall patterns of REE plots have a flat trend with a slight enrichment of MREEs. There are 
also Ce anomalies, both high and low, present in most samples. There do appear to be slight differences 
between the DISC, TVOR S and TVOR SE sites. There was one sample of enamel and one sample of 
cortical bone analyzed from TVOR SE. Compared to the rest of the data, both of these samples are much 
less enriched in REEs.  Both specimens also exhibit a slight relative enrichment of HREEs. Neither 




conditions during fossil burial. TVOR S had two enamel samples and unfortunately no cortical bone 
sampled because of scarcity of samples. Both specimens show the most negative Ce anomalies among all 
specimens sampled. They also have a relatively higher enrichment of LREEs than specimens from the 
other two sites. Both TVOR S specimens also have a similar concentration of total REEs as the DISC 
specimens. DISC had four enamel samples and two cortical bone samples analyzed. Ce anomalies are 
present in these samples; however, some are negative and some are positive. None are very pronounced 
except specimen LSUMG 12344, a rhino, where there is a significant negative anomaly. All DISC 
samples share a similar trend that can be distinguished from the other sites from the characters already 
mentioned above.  
Table 4. Relative alteration determined by rare earth elements. 
Taxon Catalog No. Locality Type of bone Total REE 
% relative 
alteration 
Equidae 13809 DISC Enamel 260.696 21 
Equidae 13810 TVOR S Enamel 753.083 60 
Equidae 13818 DISC Enamel 205.648 16 
Equidae 11776 DISC Enamel 117.874 9 
C. goorisi 13814 DISC Enamel 433.327 34 
P. francisi 13815† TVOR SE Enamel 13.101 12 
Equidae 3628 DISC Cortical bone 1261.972 100 
Equidae 13809 DISC Cortical bone 1209.370 96 
Equus Recent Baton Rouge Enamel 5.687 1 
Equus Recent Baton Rouge Cortical bone 1.447 0 
P. francisi 13815† TVOR SE Cortical bone 111.248 100.0 
Rhinocerotidae 12344 TVOR S Enamel 282.998 22 
†Calculated  relative to TVOR SE site 
 
 
 Total concentration of REEs in enamel was compared to that of cortical bone to determine a 
relative degree of alteration using the cortical bone present at a site that had the highest total REE 
concentration as a standard for highest degree of alteration. TVOR S did not have any cortical bone 
analyzed and was compared to cortical bone from DISC. This was thought to be appropriate as the enamel 
samples from TVOR S share similar total concentrations of REEs as those from DISC. Each total 




“percentage of alteration” (Table 4).  The percentages of alteration for enamel samples at Fort Polk ranges 
from 9% to 60%. The sample that had the value of 60% was regarded as altered and not included in any 
isotopic analyses. This sample was first chosen for REE analysis because the sample appeared to be 
heavily weathered. The next highest percentage of alteration was 34%.  
Table 5. Paleoecological ANOVA statistical difference between sites. Determined by comparing values of 
La/Sm and La/Yb. Bold numbers indicate a significant difference between the two sites compared.  
 
 Site comparison La/Sm La/Yb 
DISC vs TVOR S 0.0053 0.2316 
DISC vs TVOR SE 0.0137 0.3181 
TVOR S vs TVOR SE 0.0939 0.1632 
 
 Trueman et al. (2006) sampled almost 1700 bones from known environments of fossilization to 
determine if REEs can be used for environmental reconstruction. Ratios of specific REEs (La/Yb vs. 
La/Sm) are compared to provide more evidence for environment of fossilization (Table 6). All specimens 
fell into groups 3 and 4 defined by Trueman et al., (2006). These groups are characterized as coming from 
terrestrial and open-marine settings. Each Fort Polk site also grouped together within these two groups. 
TVOR SE samples plotted on the periphery of group three and very close to group 2. Group 2 is 













Table 6. Paleoenvironmental REE comparison. 
LSUMG Catalog No. Locality La/Yb La/Sm 
13809 DISC 0.748 0.401 
13810 TVOR S 1.506 0.730 
13818 DISC 0.903 0.565 
11776 DISC 0.556 0.338 
13814 DISC 1.692 0.450 
13815 TVOR SE 0.523 0.870 
3628 DISC 0.911 0.294 
13809 DISC 1.246 0.355 
Recent Baton Rouge 1.559 0.446 
Recent Baton Rouge 2.318 0.674 
13815 TVOR SE 0.895 0.982 
12344 TVOR S 2.311 0.661 
 
Table 7. Rare earth element concentrations. Values in ppm. 
Taxon Equidae Equidae Equidae Equidae C. goorisi P. francisi 















Locality DISC TVOR S DISC DISC DISC TVOR SE  
La 8.086 47.388 8.451 2.990 20.758 0.580 
Ce 11.869 2.010 3.351 6.161 16.468 0.653 
Pr 11.189 52.867 9.297 4.928 29.525 0.485 
Nd 13.762 58.555 11.628 6.103 34.564 0.570 
Sm 20.176 64.871 14.963 8.855 46.085 0.666 
Eu 27.470 76.180 20.101 11.312 54.545 0.901 
Gd 31.148 91.227 25.351 13.627 53.378 1.102 
Tb 29.108 74.265 21.151 12.548 43.978 0.977 
Dy 29.975 72.265 22.306 13.221 40.248 1.194 
Ho 23.633 59.537 20.164 11.030 29.835 1.248 
Er 20.040 53.277 18.420 9.754 24.614 1.341 
Tm 15.011 41.608 13.717 7.441 17.509 1.230 
Yb 10.817 31.462 9.358 5.378 12.265 1.107 
Lu 8.412 27.571 7.389 4.522 9.554 1.048 








Table 7 continued. 
Taxon Equidae Equidae Equus Equus P. francisi Rhino. 















Locality DISC DISC Baton Rouge Baton Rouge TVOR SE TVOR S 
La 34.485 41.255 0.248 0.091 6.652 19.119 
Ce 55.338 49.558 0.188 0.042 6.099 1.433 
Pr 62.673 66.622 0.333 0.095 5.287 24.198 
Nd 78.657 81.852 0.403 0.111 6.065 25.913 
Sm 117.495 116.255 0.557 0.135 6.772 28.935 
Eu 159.515 153.075 0.710 0.176 8.213 32.859 
Gd 163.151 160.875 0.762 0.195 10.496 35.448 
Tb 146.162 138.573 0.635 0.150 8.929 28.293 
Dy 139.602 128.845 0.580 0.136 9.951 25.246 
Ho 101.575 92.423 0.423 0.104 9.691 19.039 
Er 80.245 71.962 0.340 0.085 9.901 15.925 
Tm 55.320 48.795 0.230 0.056 8.671 11.818 
Yb 37.846 33.114 0.159 0.039 7.432 8.273 
Lu 29.908 26.168 0.120 0.032 7.088 6.499 













CHAPTER 5. DISCUSSION 
5.1 Bulk Isotopic Analysis and Animal Ecology 
A bulk isotopic analysis was performed on Fort Polk specimens to gain information on the 
environment and ecology present. Most isotopic studies have dealt with sites 7 Ma or younger due to the 
presence of C4 grasses. C4 grasses incorporate more 
13
C during photosynthesis, causing the plants to have 
much higher δ
13
C values.  Isotopic analysis provide a method to distinguish resource partitioning due to a 
higher range of δ
13
C values. Fort Polk sites range in age between 13.5 Ma and 14 Ma (Gose et al., 2008; 
Schiebout et al., 2004). With the assumption that there is not a significant presence of C4 plants in the 
animals’ diets, δ
13
C values will have a shorter range, and resource partitioning should be potentially more 
problematic to identify; however, previous studies have shown it is possible to distinguish resource 
partitioning in C3 dominated communities (MacFadden and Higgins, 2004; Feranec and MacFadden, 
2006). Palynological data supports the existence of a closed, forested habitat and prairie-like open habitat 
(Wrenn in Schiebout, 1997). 
The DISC cluster of sites was emphasized due to the significant number of macrofaunal fossils 
recovered. Fort Polk sites are in the upper part of the Castor Creek member of the Fleming Formation. 
They represent a regression of the sea during the middle Miocene global cooling period when the ice caps 
began to reform. The stratigraphically lowest site of the TVOR cluster, TVOR SE, is currently under 
taphonomic study. It is marine and is considered to include storm deposits (Schiebout, 1994). The 
stratigraphically highest sites are in the DISC cluster.  It has been hypothesized both here and in previous 
studies (Schiebout et al., 2001) that DISC represents the presence of a relatively drier and more open 
environment. This is supported by the presence of terrestrial tortoise remains, rodent distributions and 
palynological data (Schiebout et al., 2001).  
The presence of several equid fossils, that are more isotopically enriched compared to the other 








O values indicating a more enclosed habitat as well as a wetter one. This is in accord with the 
hypothesis of Janis et al., 1998; that these animals may be ecologically moose-like (Janis et al., 1998). All 




O values,  indicating a more closed habitat 
as compared to Equidae specimens. However, based on bulk isotope data alone it is not statistically 
certain that there is resource partitioning between equids and other taxa (p=0.09 and 0.08).  
Seasonal variance of isotopes during the growth of the teeth has been shown by serial sampling, 
suggesting that the probability of resource partitioning is higher. Serial sampling of one equid from DISC 
showed variation in δ
13
C values up to 1.4‰. Some of the variability observed in the bulk isotope data can 
be explained by the variability of seasonal changes recorded in the fossils. Due to the seasonality seen in 
the serial isotope sampling performed here, we can deduce that some of the variability observed in the 
bulk isotope data is due to the seasonality and not completely due to different resource uptake by the 
animals. Therefore, the chance of resource partitioning is more likely. However, it is not known whether 
it is enough to drop p≤0.05 in the bulk isotope data, leading to significant differences between the two 
animals analyzed. This lends additional support to the presence of another habitat and/or different diets 
between the Equidae specimens and other fauna sampled. This indication of resource partitioning is 
supported by the idea that the  horses, both of which have relatively high crowned teeth, are more than 
likely to be grazers while the other taxa present are most likely to be browsers (Janis et al., 1998; 
MacFadden, 1998; Feranec, 2007).  
Evidence of resource partitioning might indicate a more heterogeneous flora at DISC based on the 
different diets and/or different habitats between Equidae and other fauna present, and this has been noted 
by Wrenn in Schiebout et al., (1997). Resource partitioning is not evident between other groups at DISC 
other than Equidae. This is most likely due to there being an abundance of resources present, perhaps 
within a forested area indicated by the lower isotopic compositions of other taxa (Gordon and Illius, 
1989). All of this evidence suggests that DISC is made up of more than one type of habitat; most likely a 





Figure 5. DISC bulk isotopic data. Error bars represent one standard deviation from the mean of P. 
francisi and all Equidae specimens.  
 
It was hoped that indistinguishable lower equid dentition could be assigned to one or the other 
genus present, based on matching the isotopic composition of the upper dentition. However, data is 
inconclusive. There would have to be significant resource partitioning between the different genera of 
Equidae, which is not evident. More than likely, lower teeth belonged to both genera, indicating that they 
did not partition resources or they shared similar environments.  
 TVOR cluster sites have very few specimens available to be analyzed. Data seem to follow the 
same trend as from the DISC sites with two exceptions.  One of the two Prosynthetoceras francisi 
specimens has much higher isotopic values. This may be the result of alteration of the specimen. There 





























the case of the DISC site, would indicate the presence of a more open habitat. Data suggests that the 
horses at this site were feeding in a similar habitat or on a similar diet as Prosynthetoceras francisi.   
5.2 Serial Sampling and Climate Seasonality 
 The two specimens to be sampled for this study were chosen primarily because of the condition 
of the fossil and because the majority of the height of the tooth was still present (Figure 3 and Figure 4). 
Both are fragmentary but have the full height of the tooth available to sample, allowing for the maximum 
possible amount of chronologic data. A rhino tooth was also chosen because most present day rhinos do 
not migrate large distances, and the information that can be deduced from them indicate local conditions 
of the fossil site. A horse was chosen to be compared to the rhino to see if there were large differences 
that might implicate migration on the horse’s part, or large differences in environment.  
 Because δ
13
C values did vary over the height of the tooth; bulk sampling to explore for resource 
partitioning could lead to data that has more variation due to the seasonal variation. This observation is 
taken into account when deducing resource partitioning from this data and is mentioned in the bulk 
isotope discussion.   
 Figure 6 shows the comparison of the two specimen’s isotope values. The equid values are 
extended along the x-axis in order to match the values of the rhino tooth. This is possible because of 
similar patterns seen in both samples and by knowing the approximate amount of time of mineralization 
(Goddard, 1970; MacFadden, 2008). Evidence of seasonality indicates that the neither of the teeth were 
significantly altered (Figure 3). Otherwise, isotope values would have been level with no evidence of a 
seasonal isotope pattern. The peaks seen in both specimens can be considered related to a dry and warm 
summer period. This period can be seen twice in the rhino tooth and can give us a reference in order to 
determine the length of time it took for this tooth to fully mineralize, which appears to be just short of two 
full years. This is similar to the modern black rhinoceros Diceros bicornis, which takes 1-2 years to grow 





Figure 6. Isotope values from serial samples of LSUMG 12344, a rhino from TVOR S, and LSUMG 
13818, an equid from DISC. X-axis represents the position in mm from the crown of the rhino tooth(0 
mm) that the sample was taken. Horse data is extended to best match rhino data as the rhino tooth is much 
larger and provides a higher time resolution than was possible with sampling of the horse tooth. 
*Horse data is extended along x-axis to best fit rhino data for comparison. This was done by looking at 
similarities in both samples and resulted in extending the horse data evenly by a factor of 2mm. 
 
Modern air temperature, isotopic and precipitation data were taken from several rivers within 
about 100 miles of the Fort Polk area and are shown as a comparison between δ
18
O values of water from 
modern Fort Polk and the rhino δ
18
O  from the Miocene (Figure 7 and Figure 8). Miocene rhino δ
18
O data 
is adjusted to match the same period of sampling from modern Fort Polk data. This is done by the 
assumption that both areas of increased δ
18
O values would represent a similar time of year. δ
18
O values of 
water are a function of temperature as well as precipitation or Amount Effect. Large increases in 
temperature and large decreases in precipitation are expected to cause a large increase in δ
18
O. It is 
















































temperature at Fort Polk varies between 8.7 ºC and 27.7 ºC (Table 8)(NOAA: National Climate Data 
Center). Water temperature variation is dampened compared to air temperatures; however, data could not 
be found on water temperatures near Fort Polk. δ
18
O values of water from modern Fort Polk range from -
4.1‰ to -2.2‰ and precipitation ranges from 91mm to 154mm (Table 8)(IAEA/WMO 2006). Changes in 
precipitation inversely correlate with changes in δ
18
O. This indicates that the Amount Effect has a 
significant effect on δ
18
O values at modern day Fort Polk. δ
18
O values from the middle Miocene rhino 
share strong characteristics with the modern data. The main differences are an overall increase in δ
18
O as 
well as less variation. There is a statistical difference between both δ
18
O data sets, p= 0.022. The amount 
of variation is most likely due to dampening from sampling of the tooth, and actual δ
18
O values would 
have slightly more variation. From this data it appears that middle Miocene Fort Polk shared similarities 
in seasonal precipitation and temperature patterns with the modern.  
Table 8. Modern δ
18
O H2O, precipitation and air temperatures from modern Fort Polk compared to 
Miocene rhino δ
18
O  (LSUMG 12344). δ
18
O H2O obtained from an average of areas within the same 
region of Fort Polk from 1984 to 1987. Mean precipitation and temperatures are taken from a 30 year 
average (IAEA/WMO, 2006). δ
18
O relative to V-SMOW. 
Month δ
18
O H2O Modern Mean Precip. (mm) Mean Temp. °C  δ
18
O Rhino Miocene 
Jan -3.35 148.34 8.72 30.6 
Feb -2.48 117.60 10.89 30.4 
Mar -3.16 131.06 15.06 30.5 
Apr -3.59 112.78 18.44 30.9 
May -2.84 140.46 22.72 30.8 
Jun -2.60 120.90 26.00 31.0 
Jul -2.79 112.78 27.56 30.5 
Aug -2.28 91.95 27.22 31.9 
Sep -2.23 106.43 24.50 32.1 
Oct -2.15 96.27 18.89 31.8 
Nov -4.09 134.87 13.83 31.6 
Dec -3.05 154.18 9.78 31.0 
Mean -2.88 122.30 18.63 31.1 
 
Another comparison of δ
18
O values of the Miocene Fort Polk rhino was done against 
contemporaneous δ
18




Geographically, Panama is much more equatorial than Fort Polk, LA. Because of this, seasonal changes 
in temperature and precipitation are much less prevalent in modern Panama than modern Fort Polk. 
Temperatures in modern Panama show much less variation than modern Fort Polk. Therefore, 
precipitation patterns dominate the isotopic composition of the water in modern Panama (MacFadden and 
Higgins, 2004). It is hypothesized that Panama during the middle Miocene would have a similar climate 
to that of the modern. The comparison of the δ
18
O values of the two rhino specimens from Panama 
showed no similarities with the rhino from Fort Polk (Figure 9). This indicates a lack of seasonal changes 
during the middle Miocene of Panama. Variations seen between the δ
18
O values of the three rhino 
specimens are likely the result of some diagenetic alteration as well as differences in the isotopic 
composition of the water the animals are ingesting. A comparison was done looking for any correlation 
between the δ
18
O values of the specimens analyzed for REEs to determine if diagenetic alteration is 
responsible for higher or lower δ
18
O values. Results were inconclusive. 
 
Figure 7.  δ
18
O(V-SMOW) values of H2O from Fort Polk compared with Miocene Rhino δ
18
O(V-SMOW) 
































































Figure 8. Mean precipitation from a 3 year period taken with δ
18
O(V-SMOW) values of H2O from Fort Polk 
represented in Figure 7. Temperatures taken from a 30 year average (IAEA/WMO 2006). 
 
Figure 9. Miocene rhino δ
18
O(V-SMOW) (LSUMG 12344) compared to contemporaneous rhino specimens 
(USNM 23190 and USNM 23176) from Panama. Note lack of seasonal pattern in Panama samples 











































































5.3 Rare Earth Elements, Diagenetic Alteration and Environment of Deposition 
  Table 7 and Figure 10 show the REE concentrations measured from the different fossil 
specimens analyzed at Fort Polk. Previous studies have typically used REEs as a taphonomic tool to help 
constrain stratigraphy (eg. Suarez et al., 2007). Other work has shown that it is possible to use REEs as a 
tool to detect severity of diagenetic alteration (eg. MacFadden, 2008). Testing for diagenetic alteration 
allows for more confidence in isotopic values. REE concentrations can also be used to better understand 
the environment of deposition (Trueman, 2001; Trueman et al., 2006). Bone is more susceptible to 
diagenetic alteration than enamel due to smaller crystals of hydroxyapatite and bones more porous 
structure (eg. Truman, 1999).  
 
Figure 10. Rare earth element (REE) compositions from bone and enamel samples collected from three 























DISC bone DISC enamel
TVOR S enamel TVOR SE bone





Previous studies have attempted to show relative alteration of enamel and dentine present at a site 
(MacFadden, 2008). Table 4 shows a degree of relative diagenetic alteration. This analysis assumes that 
the most altered bone at a site is the one with the highest REE concentration, and it assumes a measure of 
100% alteration. It serves as a reference sample for comparison with other samples. Statistically, teeth 
take up less REEs and are therefore less altered than bone (DISC p=0.0001). One enamel sample was 
significantly altered as it had a value of 60%. It is possible to estimate alteration by visually examining 
the fossil. This fossil was hypothesized to be altered due to ease of sampling and the amount of 
weathering present on the enamel surface, as this tooth had a very white powdery look and feel to it. 
Serial sampled specimens appear not to be significantly altered due to isotopic seasonal patterns observed. 
They have alteration percentages of 22% and 16%. An acceptable alteration percentage would fall 
between 22% and 60%. This is a large gap but could be narrowed down by analyzing more samples.   
One of the more significant differences between the three sites studied are the low REE 
concentrations observed at TVOR SE. TVOR SE differs from other sites by including possible storm 
deposits and an in-situ oyster bed (Schiebout, 1997). The REEs present in the pore water during 
diagenesis may be taken up by the high amount of marine fossils present instead of the few vertebrate 
fossils present. Relative alteration of TVOR SE material was treated differently, because the amount of 
total REE in the cortical bone sampled is much lower than most other samples from DISC and TVOR S. 
Relative differences in MREE and LREE observed between the sites is presumably due to differences in 
pore water during fossilization. This indicates slight differences in environment of deposition. DISC has 
high amounts of calcium carbonate soil-formed nodules present (Schiebout, 1997). Even though TVOR S 
is geographically as well as stratigraphically closer to TVOR SE than DISC, its REE pattern is more 
similar to DISC, possibly indicating a more terrestrial environment.   
The three sites were also compared by looking at differences in (La/Yb)PAAS and (La/Sm)PAAS 
(Figure 11). Trueman et al., (2006) analyzed the REE composition of 1691 different fossil bones to look 




Group 1 represents specimens that have undergone late diagenetic alteration. No samples taken from Fort 
Polk fall into this group, indicating that any diagenetic alteration occurred shortly after burial. Group 2 
represents fossils collected mainly from coastal and shelf environments. No fossils sampled from Fort 
Polk fall into this group. However, TVOR SE fossils that are described as coming from a near shore 
marine deposit do plot closer to this group than samples from DISC and TVOR S (Schiebout, 1994). 
Groups 3 and 4 represent fossils that were deposited in terrestrial fluvial and soil environments. All Fort 
Polk samples fall into these two groups. This is consistent with lithological data and supports the use of 
(La/Yb)PAAS and (La/Sm)PAAS comparisons for research dealing with paleoenvironmental reconstruction.  
 
Figure 11. Rare earth element (REE) compositions conveyed as La/Sm and La/Yb relative to PAAS. 
Circles represent different groups defined by Trueman et al., 2006. Group 1 represents decreasing 
(La/Yb)PAAS and (La/Sm)PAAS that produce a “bell-shaped” pattern characteristic of later diagenetic 
recrystallization. Group 2 represents samples with (La/Yb)PAAS values >1. Most bones that fall into this 
group were collected from marine coastal or shelf environments that have a significant aeolian sand 
component.  Groups 3 and 4 represent samples that have (La/Yb)PAAS values <1. Specimens from these 

























Negative cerium (Ce) anomalies represent oxic conditions during fossilization (Wright et al., 
1987; German and Elderfield, 1990). However, the absence of a cerium anomaly in terrestrial 
environments does not indicate anoxic or reducing conditions. Positive Ce anomalies can be produced by 
reducing conditions or by highly saline or carbonate-rich waters (German and Elderfield, 1990; Möeller 
and Bau; Suarez et al., 2007). A positive Ce anomaly is seen in DISC specimens. This is likely due to the 
high amounts of calcium carbonate nodules present at the DISC sites, and indicates the presence of 
paleosols. TVOR S samples exhibit large negative Ce anomalies indicating an oxic environment as well 
as the absence of a rich calcium carbonate environment during fossilization. The lack of a negative Ce 
anomaly at TVOR SE also might indicate an environment rich in calcium carbonate. The in-situ reef at 
TVOR SE has oysters in life position and many chalky areas indicating other shells that have been 














CHAPTER 6. CONCLUSION 
 Isotopic and REE analysis of Miocene mammalian herbivores from Fort Polk, LA offers insight 
into the paleoecology and seasonality of the middle Miocene of western Louisiana. Using stable isotope 
analysis of carbon and oxygen and REE analysis the following questions can be investigated: What was 
the seasonality like during the middle Miocene of western Louisiana? Did the different taxa have different 
diets? Can REEs be used to quantify the relative amount of diagenesis present in the teeth samples? Can 
REEs distinguish between the different sites at Fort Polk? With some preliminary information, can we use 
stable isotopes to help identify previously unknown specimens?  
By using an isotope serial sampling method on two fossil teeth, a comparison between middle 
Miocene seasonality and that of modern Fort Polk shows overall seasonality was similar. The comparison 
between the middle Miocene of Panama and Fort Polk also showed that the middle Miocene of Fort Polk 
has more in common with modern Fort Polk, supporting the presence of a seasonally variable climate. 
Through a combination of serial and bulk isotope analysis, resource partitioning was shown to be 
possible between two different taxa analyzed at DISC sites. This supports different diets between equids 
and Prosynthetoceras francisi. It also might signify the existence of a drier habitat at DISC, which is 
consistent with previous research (eg. Wrenn and Strömberg in Schiebout et al., 1997). Equids have more 
positive isotope values than other taxa, which implies that equids are feeding in a more open, and dryer 
habitat. This is important because it is additional evidence for distinguishing resource partitioning 
between taxa before the global spread of C4 grasses. As expected, there is no evidence of a significant 
presence of C4 plants middle Miocene in western Louisiana. 
REE and isotope serial sampling data show that it is possible to distinguish diagenetic alteration 
of fossils present, which helps provide assurance for overall isotope data when regarding fossil 





The three Fort Polk sites analyzed share a similar overall REE pattern, although small differences 
are present that make the sites discernable from each other. This indicates the REE data can be used to 
help reconstruct environments of fossilization. Fossil REE compositions can also be used as a 
stratigraphic tool. Rocks deposited during different periods of deposition contain different REE patterns, 
allowing for distinction between stratigraphic horizons.  
 Stable isotope analysis was also used to try and indentify lower equid teeth, belonging to genera 
distinguishable on the upper teeth. Unfortunately a lack of difference between the isotopic data of the two 
fossil equids present does not allow for discrimination between the two possible species. Theoretically, 
this could have been possible had there been significant resource partitioning between equids. 
 Stable isotopes and rare earth elements have proven to be a valuable tool in researching the Fort 
Polk Miocene vertebrate fossil sites. Data has helped to paint a picture of the animals and environments 
and how they were related. As fossils continue to be discovered, Fort Polk provides an opportunity to 
integrate and study the central Gulf Coastal environment before the spread of C4 grasslands and during a 
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 DISC-Discovery, as in DISC site or cluster of sites 
 TVOR-TVOR site, near the terminal very-high frequency omni range radar tower, and other sites 
occurring in its cluster. 
 TVOR S-TVOR south site 
 TVOR SE- TVOR southeast site 
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